Type II (non-insulin-dependent) diabetes mellitus is among a vast number of abnormalities characterised by disturbed beta-cell function. This includes defects in first-phase and second-phase insulin secretion as well as a deterioration of the highly coordinated pulsatile release pattern seen in healthy subjects [1, 2] . The full impact on glucose control of the latter alterations in Type II diabetic patients is not established, but in vivo experiments suggest that pulsatile insulin delivery is important for insulin actions [3±5].
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Abstract Aims/hypothesis. The enteric incretin hormone, glucagon-like peptide-1 (GLP-1), is a potent insulin secretagogue in healthy humans and patients with Type II (non-insulin-dependent) diabetes mellitus. In this study we assessed the impact of short-term GLP-1 infusion on pulsatile insulin secretion in Type II diabetic patients. Methods. Type II diabetic patients (n = 8) were studied in a randomised cross-over design. Plasma insulin concentration time series were obtained during basal conditions and during infusion with saline or GLP-1 (1.2 pmol/l × kg ±1 × min ±1 ) on 2 separate days. Plasma glucose was clamped at the initial concentration by a variable glucose infusion. Serum insulin concentration time series were evaluated by deconvolution analysis, autocorrelation analysis, spectral analysis and approximate entropy. Results. Serum insulin concentrations increased by approximately 100 % during GLP-1 infusion. Pulsatile insulin secretion was increased as measured by secretory burst mass (19.3 ± 3.8 vs 53.0 ± 10.7 pmol/l/ pulse, p = 0.02) and secretory burst amplitude (7.7 ± 1.5 vs 21.1 ± 4.3 pmol/l/min, p = 0.02). A similar increase in basal insulin secretion was observed (3.6 ± 0.9 vs 10.2 ± 2.2 pmol/l/min, p = 0.004) with no changes in the fraction of insulin delivered in pulses (0.50 ± 0.06 vs 0.49 ± 0.02, p = 0.84). Regularity of secretion was unchanged as measured by spectral analysis (normalised spectral power: 5.9 ± 0.6 vs 6.3 ± 0.8, p = 0.86), autocorrelation analysis (autocorrelation coefficient: 0.19 ± 0.04 vs 0.18 ± 0.05, p = 0.66) and the approximate entropy statistic (1.48 ± 0.02 vs 1.51 ± 0.02, p = 0.86). Conclusion/interpretation. Short-term stimulation with GLP-1 jointly increases pulsatile and basal insulin secretion, maintaining but not improving system regularity in Type II diabetic patients. [Diabetologia (2000) 43: 583±588] Keywords GLP-1, Insulin, pulsatility, insulin secretion, time series, Type II diabetes, human. subjects, pharmacological beta-cell stimulation and inhibition occurs through modulation of insulin secretory burst mass with no changes of burst frequency [6±10].
Glucagon-like peptide-1 (GLP-1) is a peptide hormone that is secreted from the L cells of the intestinal mucosa in response to ingestion of mixed meals and glucose [11] . Glucagon-like peptide-1 potently stimulates insulin secretion and acts as an incretin hormone, potentiating glucose-stimulated insulin release. It also inhibits glucagon secretion and hepatic glucose output and as a consequence blood glucose declines [12] .
Several mechanisms of humoral and neuronal origin have been proposed for generating the coordinated release pattern of insulin [13±15] . Glucagon-like peptide-1 itself has been shown to be secreted in a pulsatile manner during both basal and glucose-stimulated conditions, but the nature of its modulation of insulin pulsatility is not known [16] . Glucagon-like peptide-1 infusion is able to re-establish beta-cell function as measured by first-phase and second-phase insulin response to a glucose challenge [17] . Analogously, GLP-1 infusion increases beta-cell sensitivity to minor ultradian glucose excursions under entrainment conditions in IGT but not in overt Type II diabetes [18] .
The aim of our study was to determine the mechanistic effect of short-term GLP-1 infusion during glucose-clamped conditions on pulsatile insulin release as quantified by deconvolution analysis and on system regularity as assessed by a variety of time series analyses in Type II diabetic patients.
Subjects and methods
Subjects and design. The protocol was carried out in accordance with the Helsinki Declaration and was approved by the local ethical committee of Aarhus and Vejle Counties. Type II diabetic subjects (n = 8, age 52 ± 2 years, BMI 29.4 ± 0.9 kg/ m 2 , fasting blood glucose 10.9 ± 0.8 mmol/l, HbA 1 c 7.3 ± 0.6) were recruited from the outpatient clinics of Medical Department, Kolding Sygehus and Department of Endocrinology and Metabolism, Aarhus University Hospital. Among the eight subjects studied, one was treated with metformin, three with sulphonylurea and three with a combination of the two. The study subjects received no antidiabetic medication for 48 h before the study and took no other medications known to influence beta-cell function or insulin sensitivity. The subjects were asked to maintain their usual diet and habits of physical exercise for 3 days before investigations.
Protocol. Synthetic human GLP-1 (7±36)amide was purchased from Peninsula Europe (Merseyside, St. Helens, UK). The peptide was dissolved in 0.9 % saline containing 1 % human serum albumin (Albumin Nordisk, Novo Nordisk, Bagsvaerd, Denmark; guaranteed to be free of hepatiti-B surface antigen and human immunodeficiency virus antibodies) and subjected to sterile filtration. Appropriate amounts of peptide for each experimental subject were dispensed into glass ampoules and stored frozen under sterile conditions until the day of the experiment.
The effect of GLP-1 on pulsatile insulin secretion was studied in an unblinded, placebo-controlled, randomised crossover design. Subjects were studied on two occasions with no less than 2 weeks intervening. Studies were carried out after a 10-h overnight fast. At 0800 hours subjects were placed in a bed and intravenous catheters were inserted in each antecubital vein for sampling and infusion purposes. After 30 min of rest (t = 0), blood was collected every minute for 75 min (basal period). The patients were thereafter infused with either GLP-1
) dissolved in isotonic saline containing 1 % human albumin or saline with human albumin only until the end of the study. After 30 min of infusion, i. e. from 105 to 180 min, blood was sampled every minute for 75 min (stimulated period). Throughout the study, plasma glucose was measured every 5±15 min and a variable infusion of 20 % glucose was given to maintain constant glycaemia. The infusion rate was increased only in minor steps (< 0.7 mg × kg ±1 × min ±1 ) and was never decreased to avoid any glucose infusion-induced changes in insulin pulsatility. Further details on the sampling procedure have been previously described [9] . Additional blood samples were collected every 15 min for measurement of C peptide and GLP-1. Blood samples were stored at ±20°C and analysed within a month.
Assays. All biochemical analyses were performed in duplicate. Serum insulin concentration was measured using a two-site immunospecific ELISA [19] . The detection range was 3±600 pmol × l ) and high (350 pmol × l ±1 ) concentrations, the inter-assay coefficients of variation were 4.5, 4.9 and 5.5 %, respectively and the intra-assay coefficients of variation were 2.8, 2.6 and 2.4 %, respectively. The antibodies cross-react 30 and 63 % with 65,66 split proinsulin and des-64,65 proinsulin, respectively, with no cross-reactivity with proinsulin, 32,33 split proinsulin and des-31,32 proinsulin, C peptide, IGF-I, IGF-II and glucagon. Plasma glucose concentrations were measured by the glucose oxidation method (Beckman Instruments, Palo Alto, Calif., USA). Measurements of C peptide were done by a two-site monoclonal based ELISA assay (K6218, Dako Diagnostics, Cambridgeshire, UK). This assay has an intra-assay and interassay variation coefficient (for triplicates) of 2.2 % and 3.3 %, respectively. Finally plasma GLP-1 was measured against standards of synthetic GLP-1 (proglucagon 78±107amide) of intestinal origin, using an antiserum highly specific for the amidated Cterminus of GLP-1. It measures the sum of intact GLP-1 and the primary metabolite, GLP-1 (9±39amide), which is formed in the circulation. The measured concentration therefore accurately reflects the amount of GLP-1 that was infused. The assay has a lower detection limit of 1 pmol/l and an intra-assay coefficient of variation below 5 % at 20 pmol/l. Deconvolution analysis. Serum insulin concentration time series were analysed in a blinded manner by deconvolution analysis to quantify basal secretion, interpulse interval, secretory burst mass and amplitude [20] . Deconvolution was carried out with a previously validated iterative multiparameter technique, using the following assumptions: (1) the hormone is secreted in a finite number of bursts each with (2) an individual amplitude and (3) a common half-duration. Bursts are superimposed on a basal time-invariant secretory rate and (4) insulin is removed according to a bi-exponential disappearance rate as described previously [21] . The half-lives of insulin were assumed to be 2.8 and 5 min with a fractional slow compartment of 28 % [21] . The fraction of total insulin released in a pulsatile fashion was calculated as:
Secretory burst mass/interpulse interval Secretory burst mass/interpulse interval basal secretion Approximate entropy. Regularity of insulin concentration time series was assessed by the model-independent and scale-invariant statistic approximate entropy (ApEn) [22] . Approximate entropy measures the logarithmic likelihood that runs of patterns that are close (within r) for m contiguous observations remain close (within the tolerance width r) on subsequent incremental comparisons. A precise mathematical definition is given elsewhere [22] . Approximate entropy is considered a family of parameters dependent on the choice of the input parameters m and r and is to be compared only when applied to time series of equal length, as we do here. In this study ApEn was calculated with r = 0.2´SD in the individual time series and m = 1. To obviate the effect of trends in the time series ApEn was calculated on the first difference of data. A larger absolute value of ApEn indicates a higher degree of process randomness. Approximate entropy is rather stable to noise that lies within the tolerance width r. This is a standard way of doing ApEn in non-stationary time series.
Spectral analysis. To eliminate non-stationarity, spectral analysis was done on residuals after subtraction of a fitted line calculated as a seven-point centred equal-weighted moving average. Spectral analysis was done using a non-commercial software based on a previously described procedure [23] . Different window lengths were tested and a balance between stability and fidelity was obtained by using a Tukey window of 25 data points and the spectra were normalised using the assumption that the total variance in each time series was 100 %. This enables comparison of spectral estimates despite the different absolute values of insulin. The dominant peaks during basal and stimulated conditions were compared statistically.
Autocorrelation analysis. Autocorrelation analysis was done using the statistical software package SPSS version 9.0. The analysis was carried out on the unsmoothed data in which non-stationarity had been eliminated as described for spectral analysis. The correlation coefficients of the first non-negative peak of the autocorrelogram were compared statistically [24] .
Statistical analysis. Statistical comparisons were done using SPSS version 9.0. Data were compared by ANOVA adjusting for treatment, sequence and subject. A significance level of 0.05 was used.
Results
Concentrations of hormones and plasma glucose. The infusion of GLP-1 resulted in an immediate rise of the GLP-1 concentration, stabilising at a mean of approximately 70 pmol/l. Serum insulin and C peptide increased approximately 100 % and there was a slight upward trend during the stimulation period. The mean plasma glucose was clamped at the concentration of the basal period. Mean circulating concentrations of C peptide, plasma glucose and GLP-1 along with the glucose infusion rate needed to maintain glycaemia are shown in Figure 1 . One representative example of insulin concentration profiles under basal and stimulated conditions is shown in Figure 2 , where increased absolute values and larger amplitudes are seen during GLP-1 infusion.
Deconvolution analysis. The principal results of deconvolution analysis are listed in Table 1 . The overall increase in insulin secretion was achieved by a parallel rise in basal and pulsatile insulin secretion. The fraction of insulin secreted in pulses was about 50 % and remained unchanged during GLP-1 infusion. One example of a deconvolved insulin time series at baseline and during GLP-1 infusion is shown (Figure 3 ). This figure illustrates the increase in secretory burst mass and burst amplitude with no change in burst frequency.
Regularity statistics. Approximate entropy was applied to first difference derivatives of insulin concentration time series. At baseline there was no correlation between ApEn and fasting plasma glucose. Approximate entropy did not change (p > 0.5) after GLP-1 infusion compared with saline infusion, indicating an unchanged system regularity ( Table 1) . Spectral analysis and autocorrelation analysis. The power and periodicity of the dominant spectral peak were determined by normalised spectral analysis. No statistically significant changes in spectral power were observed after GLP-1 infusion compared with saline. The interpulse interval was about 6 min/pulse and was unchanged by GLP-1 infusion. The frequency estimates obtained by spectral analysis and deconvolution analysis were similar. Spectral power and frequency estimates are listed in Table 1 . Regular oscillatory activity was also evaluated by autocorrelation analysis. No statistically significant change was observed in the maximum autocorrelation coefficient after GLP-1 infusion compared with saline (Table 1) . There was no correlation between fasting plasma glucose and spectral power or autocorrelation coefficient at baseline.
Discussion
The mechanisms underlying disruption of high-frequency pulsatile insulin secretion in Type II diabetes is not known. Likewise, the possibility of re-establishing the intra-islet and inter-islet coordination of insulin secretion is undefined. Glucagon-like peptide-1 has been shown to re-establish first-phase and second-phase insulin secretion and beta-cell response to arginine in Type II diabetes subjects to values not different from those in control subjects [17] . Furthermore, in IGT subjects, GLP-1 infusion has been reported to enhance beta-cell sensitivity to glucose oscillations in an ultradian glucose-entrainment protocol [18] . It seems, thus, that GLP-1 exerts actions not only on the quantity of insulin expelled but also on Data are given as means ± SEM. p values are calculated by ANOVA adjusting for treatment, sequence and subject. p values for secretory burst mass and secretory burst amplitude are corrected using Bonferroni's correction the beta-cell coordination during short-term induced hyperglycaemia or an oscillatory exogenous supply of glucose. This peptide could, therefore, also prove capable of improving rapid pulsatile insulin secretion that depends on coordinated mobilisation of immediately releasable insulin stores.
The stimulatory effect of GLP-1 in diabetic patients might arise mechanistically by an increase in pulsatile insulin release (increasing burst mass or burst frequency) or by increased basal secretion. In healthy control subjects, GLP-1 infusion stimulates insulin secretion by increasing pulsatile as well as basal secretion with no change in burst frequency [9] . An improved regularity of release pattern was not expected in this study of healthy subjects. In Type II diabetes GLP-1 has, in a preliminary report, also been shown to increase insulin secretion by amplification of the burst mass with no effect on the burst frequency when GLP-1 was given as an overnight infusion [25] . This is similar to the findings in our study. In addition the absolute values of insulin secretory burst mass in the two studies are similar.
In this study, we evaluated the short-term action of GLP-1 on pulsatile insulin secretion in Type II diabetes with application of additional time series analyses. We have recently shown that ApEn is able to uncover changes in regularity dynamics following short-term beta-cell exposure to another secretagogue, repaglinide [10] . No restoration, nor any additional deterioration of system regularity in response to GLP-1 infusion is observed in the present data when evaluated by the same statistic. Additional time series analyses also disclosed no trend towards altered regularity or coordination, indicating that this finding is independent of the mathematical approach applied. Different results might have been obtained following long-term infusion of GLP-1 but short-term stimulation as carried out in this study would seem to best resemble the postprandial situation with a rather steep increase of GLP-1 concentration to a maximum of 50±60 pmol/l [26] .
The approximate 100 % increase in overall insulin concentration is achieved by an increase in secretory burst mass and amplitude, with no effect on interpulse interval. This seems to be a general feature in the modulation of insulin secretion [6±10]. A preserved or enhanced amplitude of insulin secretion could be important for the peripheral actions of insulin [3±5]. The constant frequency could be a consequence of a feedback system involving a fixed circulation time, enzymatic processes which are unaffected by the different compounds given, or an intrapancreatic neuronal pacemaker with a constant periodicity.
The GLP-1 effect on stimulus-secretion coupling involves several distinctive processes. It inhibits K + -ATP channel activity, resulting in a membrane depolarisation, increases the intracellular Ca 2+ -concentration by opening voltage-dependent Ca 2+ channels and promotes Ca 2+ -induced insulin secretion by more distal and independent mechanisms [27] . The fact that GLP-1 infusion is not able to improve system regularity despite actions on various levels of the beta-cell sensing and secretion could imply that the defect involved in the deterioration of beta-cell coordination is not so readily reversible at this stage of diabetes. This notion would be in accordance with the finding that GLP-1 infusion improves stimulussecretion coupling during glucose entrainment in IGT subjects but not in overt diabetes [18] . In the entrainment study, the GLP-1 effect seemed to be a direct action of the secretagogue rather than a consequence of a decline in blood glucose as these subjects had only marginally increased plasma glucose concentrations. The glucose-clamped conditions in the present study are therefore unlikely to mask a potential GLP-1 effect.
We report that enhanced insulin secretion after GLP-1 infusion in diabetic patients is achieved by amplification of insulin secretory burst mass with no effect on burst frequency or beta-cell coordination and orderliness. That no improvement in coordination can be achieved in these diabetic patients together with previous findings might imply that early intervention is necessary to prevent this facet of beta-cell defect in Type II diabetes.
